We study the role of the non-perturbative input to the transverse momentum dependent (TMD) gluon density in hard processes at the LHC. We derive the input TMD gluon distribution at a low scale µ 2 0 ∼ 1 GeV 2 from a fit of inclusive hadron spectra measured at low transverse momenta in pp collisions at the LHC and demonstrate that the best description of these spectra for larger hadron transverse momenta can be achieved by matching the derived TMD gluon distribution with the exact solution of the BalitskyFadin-Kuraev-Lipatov (BFKL) equation obtained at low x and small gluon transverse momenta outside the saturation region. Then, we extend the input TMD gluon density to higher µ 2 numerically using the Catani-Ciafoloni-Fiorani-Marchesini (CCFM) gluon evolution equation. Special attention is paid to phenomenological applications of the obtained TMD gluon density to some LHC processes, which are sensitive to the gluon content of a proton.
Introduction
Numerous experimental studies at the LHC are a challenge to theoretical QCD motivated approaches and models. In recent years an understanding has been obtained that the processes at high energies and large momentum transfer containing multiple hard scales require using so-called unintegrated, or transverse momentum dependent (TMD) parton density functions (PDFs), which have been used within the framework of the phenomenological k T -factorization approach [1, 2] for many years. In this approach, the TMD parton densities are among the main components that determine its predictive power (see, for example, reviews [3] for more information). The non-perturbative input determines behavior of the TMD gluon density and production cross sections at a small gluon transverse momentum k T → 0 and plays a significant role in the k T -factorization [4] [5] [6] [7] [8] [9] .
In our previous papers [10, 11] we obtained the non-perturbative input from the description of the inclusive spectra of hadrons produced in pp collisions at the LHC energies in the mid-rapidity region at low transverse momenta k T ≤ 1.5 − 1.6 GeV and a starting scale µ 2 0 = 1 GeV 2 . The proposed input is similar to the TMD gluon density calculated within the popular color-dipole Golec-Biernat-Wüsthoff (GBW) approach [12] at large k T and differs from it at low transverse momenta. Then, we extended this gluon density to higher µ 2 using the Catani-Ciafoloni-Fiorani-Marchesini (CCFM) evolution equation [13] and considered deep inelastic ep scattering at HERA. We reasonably well described the experimental data on the proton longitudinal structure function F L (x, Q 2 ) and charm and beauty contribution to the structure function F 2 (x, Q 2 ). So, the connection between the soft LHC processes and small x physics at HERA was established.
In the present paper we continue our studies [10, 11] and investigate the role of the non-perturbative input to the TMD gluon density in description of hard processes at the LHC. We improve the initial TMD gluon distribution proposed earlier to describe LHC data on the inclusive charged hadron spectra at higher transverse momenta 2.5 < p T < 4.5 GeV and numerically extend it to the whole kinematical region using the CCFM gluon evolution equation. The CCFM equation is the most suitable tool for our study since it smoothly interpolates between the small-x Balitsky-Fadin-Kuraev-Lipatov [14] (BFKL) gluon dynamics and the conventional Dokshitzer-Gribov-Lipatov-Altarelli-Parisi [15] (DGLAP) one. We extract additional parameters from a fit to the LHC data on the inclusive b-jet production taken by the CMS and ATLAS Collaborations at high p T and √ s = 7 TeV. We supply the obtained TMD gluon density with the corresponding TMD valence and sea quark distributions calculated in the approximation, where the sea quarks occur in the last gluon splitting. Finally, we discuss several phenomenological applications of the proposed TMD parton densities to hard LHC processes that are most sensitive to the quark and gluon content of the proton. We use the k T -factorization approach, which is a commonly recognized tool to investigate hard high-energy processes. Here we see certain advantages in the fact that, even with the leading-order (LO) matrix elements for a hard partonic subprocess, we can take into account a large piece of higher order QCD corrections, namely all NLO + NNLO + ... terms containing log 1/x enhancement.
Starting non-perturbative TMD gluon density
As was mentioned above, the TMD gluon density was obtained [10] within the soft QCD model as a function of the proton longitudinal momentum fraction x and twodimensional gluon transverse momentum k T at a fixed value of the scale µ where g = 21 mb, ∆ = α P (0) − 1 ≃ 0.12, α P (0) is the Pomeron intercept and σ nd is the non-diffractive cross section given by the sum of n pomeron chain production cross sections. The functions φ q (y ≃ 0, p T ) and φ g (y ≃ 0, p T ) are evaluated in [16, 17] and can be presented as
where the parameters A q = 3.68 GeV −2 , A g = 1.7249 GeV −2 , C q = 0.147 GeV, and C g = 0.289 GeV were obtained from the combined fit of the NA61 [22] and LHC [23] data taken at different energies √ s [16] . These parameters, of course, differ from the ones obtained earlier [10] due to another form of TMD gluon density (2) and (3) used in the fit procedure. The latter leads, in addition, to the values of the parameters d = 0 and a = 0.3 in (2) . In this way the LHC data [23] are fitted with χ 2 /n.d.f = 0.998. The parameters b = 6.57 and α s = 0.18 were obtained from the best fit of the CMS data on the inclusive b-jet production at |y| < 0.5 (see below). Let us stress here that since the parameters of nonperturbative input (2) - (3) were obtained from the description of the LHC and NA61 data [22, 23] , possible higher-order corrections (see, for example, [24] [25] [26] ) to the leading-order BFKL motivated k T -dependence of the proposed gluon input at low x (as well as saturation dynamics) are effectively included.
The inclusive spectra of π − mesons produced in pp collisions at the initial momenta 31 and 158 GeV are presented in Fig. 1 as a function of the transverse mass m T = m 2 π + p 2 T . Using the first part of the spectrum φ q (y ≃ 0, p T ), connected with the quark contribution in the conventional string model [19] , one can reasonably describe the NA61 data [22] at low m T < 1 GeV. The inclusion of the second part of the spectrum, which is due to the gluon contribution, allows us to describe the NA61 data up to m T ∼ 1.5 GeV. A similar description of the experimental data on the inclusive spectra of charged hadrons (mainly pions and/or kaons) is achieved at the LHC (see Fig. 2 ). In addition to the soft part, we include the pQCD corrections [16, 17] . The latter, made at the leading order (LO), are divergent at low transverse momenta. Therefore, the kinematical region p T ∼ 1.8 − 2.2 GeV can be treated as the matching region of the non-pertubative QCD (soft QCD) and pQCD calculations. One can see that the inclusive hadron spectra at the LHC can be well described in a wide region of transverse momenta by matching these two approaches, and the proposed input TMD gluon density (2) and (3) plays a crucial role in the description of these data at low hadron transverse momenta.
CCFM-evolved TMD parton densities
The average gluon transverse momentum |k T | , generated by the TMD gluon distribution defined above is |k T | ∼ 1.9 GeV at 10 −7 < x < 1, which is close to the non-perturbative QCD regime. Therefore, we can treat the proposed TMD gluon density as a starting one and apply the CCFM equation to extend it to the whole kinematical region. The CCFM evolution equation resums large logarithms α n s ln n 1/(1 − x) in addition to α n s ln n 1/x ones and introduces angular ordering of initial emissions to correctly treat gluon coherence effects. In the limit of asymptotic energies, it is almost equivalent to BFKL, but also similar to the DGLAP evolution for large x and high µ 2 [13] . In the leading logarthmic approximation, the CCFM equation with respect to the evolution (factorization) scale µ 2 can be written as [13] 
where k ′ T = q(1−z)+k T and the Sudakov form factor ∆ s (q 2 1 , q 2 2 ) describes the probability of no radiation between q 2 2 and q 2 1 . The first term in the CCFM equation (8) , which is initial TMD gluon density multiplied by the Sudakov form factor ∆ s (µ 2 , µ 2 0 ), makes the contribution of non-resolvable branchings between the starting scale µ 2 0 and the factorization scale µ 2 , the second term describes the details of the QCD evolution expressed by the convolution of the CCFM splitting function P gg (z, q 2 , k 2 T ) with the gluon density
2 ) and the Sudakov form factor ∆ s (µ 2 , q 2 ), and the theta function introduces the angular ordering condition. The evolution scale µ 2 is defined by the maximum allowed angle for any gluon emission [13] .
The CCFM equation (8) describes only the emission of gluons, while quark emissions are left aside. In order to calculate the TMD valence quark denisities, we have to replace in (8) the gluon splitting function [27, 28] . The starting TMD valence quark distribution can be parameterized using standard collinear PDFs xq v (x, µ 2 ) as
Numerically, we applied the LO parton densities from the MSTW'2008 set [29] . The exact analytical expressions for the splitting functions
, and Sudakov form factor can be found, for example, in [30] . Concerning the TMD sea quark density, we calculate it using the approximation where the sea quarks occur in the last gluon-to-quark splitting. At the next-to-leading logarithmic accuracy α s (α s ln x) n the TMD sea quark distribution can be written [7] as:
where z is the fraction of the gluon light cone momentum carried out by the quark, and ∆ = k T − zq T . The sea quark evolution is driven by the off-shell gluon-to-quark splitting function
:
where
was obtained by generalizing to finite transverse momenta of the two-particle irreducible kernel expansion [32] . It takes into account the small-x enhanced transverse momentum dependence up to all orders in the strong coupling constant, and reduces to the conventional splitting function at the lowest order for |q T | → 0. The scaleμ 2 was defined [33] from the angular ordering condition which is natural from the point of view of the CCFM evolution:
. The CCFM evolution equation with the starting TMD gluon and quark distributions given by (2) - (3) and (9) was solved numerically 1 in the leading logarithmic approximation using the updfevolv routine [30] . Thus, the TMD gluon and valence quark densities were obtained for any x, k 2 T , and µ 2 values. The TMD sea quark distributions can be evaluated according to (10) and (11) .
The gluon density f g (x, k 2 T , µ 2 ) obtained according to (2) , (3) and (8), labeled below as Moscow-Dubna 2015, or MD'2015, is shown in Fig. 3 as a function of k 2 T for different values of x and µ 2 . Additionally, we plot the TMD gluon distribution [34] (namely, the set A0) which is widely discussed in the literature and commonly used in the applications. One can observe some difference in the absolute normalization and shape between both TMD gluon distributions. Below we will consider the corresponding phenomenological consequences for several LHC processes.
Phenomenological applications
We are now in a position to apply the proposed TMD parton densities to some processes studied at hadron colliders. In the present paper we consider the inclusive production of b-jets, B
+ and D * mesons as well as the associated production of W ± or Z/γ * bosons and hadronic jets at the LHC conditions. We also study the charm and beauty contribution to the proton structure function F 2 (x, Q 2 ) and the longitudinal proton structure function F L (x, Q 2 ). These processes are known to be strongly sensitive to the gluon and/or quark content of the proton.
In according to the k T -factorization prescription [1, 2] , the cross sections of the processes under consideration can be written as
, µ 2 ) are relevant off-shell (depending on the transverse momenta of incoming particles) partonic cross sections. The detailed description of the calculation steps (including the evaluation of the off-shell amplitudes) can be found in our previous papers [35] [36] [37] [38] . Here we only specify the essential numerical parameters. Following We use the two-loop formula for the strong coupling constant (as it is implemented in the updfevolv routine) with n f = 4 active quark flavors at Λ QCD = 200 MeV and apply the running QCD and QED coupling constants. We use the factorization and renormalization scales µ F and µ R according to the process under consideration [35] [36] [37] [38] . Additionally, we estimate the theoretical uncertainty coming from the renormalization scale.
The multidimensional integration was performed by the Monte Carlo technique, using the routine vegas [40] . The corresponding C++ code is available from the authors on request. The charm and beauty contributions to the proton structure function F 2 (x, Q 2 ) and the longitudinal structure function F L (x, Q 2 ) are directly connected to the gluon content of the proton. The structure function F L (x, Q 2 ) is equal to zero in the parton model with spin 1/2 partons and only has nonzero values within the pQCD. The experimental data on these structure functions were obtained [41] [42] [43] [44] [45] by the H1 and ZEUS Collaborations at HERA. Our consideration is based on the formalism [35] , and here we present the main results only.
Proton structure functions F
The results of our calculations are presented in Figs. 4 -6. The solid curves correspond to the predictions obtained with the MD'2015 gluon distribution, the upper and lower dashed curves represent the estimate of the corresponding theoretical uncertainties (as given by the usual scale variations) and the dash-dotted curves correspond to the results obtained with the A0 gluon density. Additionally, we plot the data/theory ratios for the longitudinal structure function F L (x, Q 2 ). One can see that the predictions corresponding to the proposed MD'2015 gluon distribution agree well with the H1 and ZEUS data in the whole kinematical region of x and Q 2 within the theoretical and experimental uncertainties. It only tends to slightly overestimate the F L data [41] at very low Q 2 but still agrees with them within the theoretical and experimental uncertainties. Therefore, the main conclusion of [10, 11] , where the link between soft processes at the LHC and low-x physics at HERA was pointed out, is confirmed. At the same time, the A0 gluon density does not reproduce the shape of the structure functions F c 2 and F b 2 at low Q 2 . It means that the influence of the shape and other parameters of the initial non-perturbative gluon distribution on the description of experimental data is significant for a wide region of x and Q 2 . We conclude that the best description of the HERA data [41] [42] [43] [44] [45] is achieved with the MD'2015 gluon density.
Inclusive b-jet production
As is well known, beauty quarks at the LHC energies are produced mainly via standard QCD gluon-gluon fusion subprocess; therefore, the corresponding total and differential cross sections are strongly sensitive to the gluon content of the proton. In the k T -factorization approach this was demonstrated in our previous paper [36] . Below we probe the MD'2015 gluon density in the inclusive b-jet production at the LHC. The CMS Collaboration measured the b-jet cross sections in five b-jet rapidity regions, namely, |y| < 0.5, 0.5 < |y| < 1, 1 < |y| < 1.5, 1.5 < |y| < 2, and 2 < |y| < 2.2 as a function of the jet transverse momentum at √ s = 7 TeV [46] . The ATLAS Collaboration performed the measurements at central rapidities |y| < 2.1 [47] .
Our main results are presented in Figs. 7 and 8, where we plot the calculated transverse momentum distributions of b-jets compared to the LHC data as well as the corresponding data/theory ratios. We obtained a good description of the data using the MD'2015 gluon distribution. The shape and absolute normalization of the measured b-jet cross sections are reproduced well. Moreover, the differential cross section as a function of the angular separation ∆φ between two b-jets measured at p T > 40 GeV and M > 110 GeV, where M is the invariant mass of the produced bb pair, is also well described. This observable is known to be very sensitive to the k 2 T -behavior of the TMD gluon distribution. The predictions based on the A0 gluon density lie below the data at high p T > 40 -50 GeV. Once again, we conclude that the best description of the LHC data [46, 47] is achieved with the proposed MD'2015 gluon density.
B + meson production
Besides the b-jet production, we probe the proposed MD'2015 gluon density in the inclusive B + meson production at the LHC, which was measured by the CMS [48] , AT-LAS [49] , and LHCb [50] Collaborations. Our basic formulas and the description of the calculation details are collected in [36, 37] . Here we only note that we convert beauty quarks produced in the hard subprocess into B + mesons using the Peterson fragmenta-tion function 2 with the usual shape parameter ǫ b = 0.006 [51] . Following [39] , we set the branching fraction f (b → B + ) = 0.398. The CMS Collaboration reported the total and differential B + cross sections measured at central rapidities |y| < 2.4 for p T > 5 GeV and √ s = 7 TeV [48] . The ATLAS Collaboration presented B + meson cross sections for |y| < 2.25 and 9 < p T < 120 GeV [49] . The LHCb Collaboration measured B ± meson cross sections in the forward rapidity region 2 < y < 4.5 at p T < 40 GeV [50] .
Our main results are presented in Figs. 9 -11 compared with the LHC data and corresponding data/theory ratios. One can see that a good description of the B + meson transverse momentum and rapidity distributions is achieved using both TMD gluon densities under consideration. The results obtained with the MD'2015 gluon density lie somewhat above the A0 ones and tend to slightly overestimate the measured cross sections at high transverse momenta but agree with the data within the uncertainties. However, both considered TMD gluon densities give similar behavior of the rapidity distributions. We would like to point out the remarkable description of the LHCb data in the forward rapidity region that extends essentially the applicability area of the proposed MD'2015 gluon distribution.
D * meson production
Similar to beauty quarks, charmed quarks are mainly produced at the LHC via the gluon-gluon fusion subprocess, and therefore, the charm production cross section is also sensitive to the gluon density function. The transverse momentum distributions of sev-
were measured by the LHCb Collaboration at forward rapidities, 2 < y < 4.5 [52] . As a representative example, below we consider D * meson production. To convert c-quarks into D * mesons, we apply the non-perturbative fragmentation function [53] [54] [55] , which is often used in the collinear QCD calculations. We set the branching fraction f (c → D * ) = 0.255 [39] . Our numerical results are presented in Fig. 12 . We find reasonably good agreement between our predictions obtained using the MD'2015 gluon distribution and the LHCb data [52] , which demonstrates again a wide area of its applicability. The A0 gluon density predicts flatter D * transverse momentum distributions and does not contradict the data.
Associated W
± + jet and Z/γ * + jet production Contrary to the processes considered above, where only the TMD gluon distribution was probed, the associated production of gauge (W ± or Z) bosons and hadronic jets at the LHC offers high sensitivity to both quark and gluon density functions in the proton. The experimental data on the W ± + jet and Z/γ * + jet production were obtained by the ATLAS Collaboration [56, 57] . Below we apply the TMD quark and gluon densities from the MD'2015 set to describe the LHC data. Our consideration is based on the off-shell amplitudes of the quark-gluon scattering subprocesses qg * → W ± q ′ and qg * → Z/γ * q which include the subsequent decays W ± → l ± ν and Z/γ * → l + l − derived in [38] . Other details of the calculations can be found there.
The ATLAS data [56] on the associated W ± and jet production refer to the kinematical region defined as p [56, 57] . Additionally, we plot the corresponding data/theory ratios. We obtained a good description of these data with both TMD parton densities. The latter, in particular, demonstrates that the TMD quark and gluon distributions from the MD'2015 set are reliable at relatively large scales, up to µ 2 ∼ m 2 Z . However, we note that the full hadron-level Monte-Carlo generator cascade [58] , which uses the CCFM evolution equation for the initial state gluon emissions, is needed for a more detailed analysis of the associated production of gauge bosons and hadronic jets at the LHC. It is connected with a more accurate jet selection algorithm implemented in cascade, as was explained previously [38] .
Conclusion
We fitted the experimental data on the inclusive spectra of the charged particles produced in the central pp collisions at the LHC to determine the TMD gluon density in a proton at the starting scale µ 2 0 ∼ 1 GeV 2 . We demonstrated that the best description of these spectra can be achieved by matching the derived TMD gluon distribution with the exact solution of the Balitsky-Fadin-Kuraev-Lipatov (BFKL) equation obtained at low x and small gluon transverse momenta outside the saturation region. Moreover, we established that the parameters of this fit did not depend on the initial energy in a wide energy interval. The average gluon transverse momentum generated by this modified TMD gluon density is about 1.9 GeV in a wide region of x and is close to the nonperturbative QCD regime. Then, we extended the derived TMD gluon density to higher µ 2 using numerical solution of the CCFM gluon evolution equation. Additionally, we supplied the calculated TMD gluon density with the TMD valence and sea quark distributions. The latter was evaluated in the approximation where the gluon-to-quark splitting occurred at the last evolution step using the TMD gluon-to-quark splitting function. This function contains all single logarithmic small-x corrections in any order of perturbation theory.
Special attention was paid to the phenomenological applications of the proposed MD'2015 parton distributions to the hard processes. We considered the inclusive production of b-jets, B + and D * mesons and the associated production of W ± or Z/γ * bosons and hadronic jets at the LHC energies, and also the charm and beauty contribution to the proton structure function F 2 (x, Q 2 ) and the longitudinal proton structure function F L (x, Q 2 ). We demonstrated significant influence of the initial non-perturbative gluon distribution on the description of experimental data. We showed that the LHC data could be well described using the MD'2015. (1/σ) dσ/dy dp (1/σ) dσ/dy dp (1/σ) dσ/dy dp
Figure 2: The inclusive cross sections of the hadron production in the pp collisions at the LHC as a function of the transverse momentum. The dashed and dash-dotted curves correspond to the gluon and quark contributions, respectively. The solid curves represent their sum. The dotted curves correspond to the sum of the soft QCD and pQCD predictions as described in the text. The experimental data are from ATLAS and CMS [23] . [41] and ZEUS [42] . In the ZEUS measurements the ratio Q 2 /x is a constant for each bin, which corresponds to y = 0.71 and √ s = 225 GeV, where y = Q 2 /xs. The charm contribution to the structure function F 2 (x, Q 2 ) as a function of x calculated at different Q 2 . Notation of all curves is the same as in Fig. 4 . The experimental data are from ZEUS [43] and H1 [44] . 2 ) as a function of x calculated at different Q 2 . Notation of all curves is the same as in Fig. 4 . The experimental data are from ZEUS [43] and H1 [45] . Figure 7 : The double differential cross sections dσ/dydp T of the inclusive b-jet production as a function of the leading jet transverse momentum in different y regions. The used kinematical cuts are described in the text. Notation of all curves is the same as in Fig. 4 . The experimental data are from CMS [46] . The transverse momentum and rapidity distributions of the B + meson production at the LHC. The used kinematical cuts are described in the text. Notation of all curves is the same as in Fig. 4 . The experimental data are from CMS [48] . The transverse momentum and rapidity distributions of the B + meson production at the LHC. The used kinematical cuts are described in the text. Notation of all curves is the same as in Fig. 4 . The experimental data are from ATLAS [49] . The transverse momentum and rapidity distributions of the B ± meson production at the LHC. The used kinematical cuts are described in the text. Notation of all curves is the same as in Fig. 4 . The experimental data are from LHCb [50] . dσ/dp T [µb/GeV] 4 < y < 4.5
LHCb Figure 12 : The transverse momentum distributions of the D * meson production at the LHC. The used kinematical cuts are described in the text. Notation of all curves is the same as in Fig. 4 . The experimental data are from LHCb [52] . dσ/dp T jet [pb/GeV] ATLAS Figure 13 : The differential cross sections of associated the W ± + jet (left panel) and Z/γ * + jet (right panel) production at the LHC as a function of the jet transverse momentum. Notation of all curves is the same as in Fig. 4 . The used kinematical cuts are described in the text. The experimental data are from ATLAS [56, 57] .
